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O 

a^ 

^ ' We consider an extension of the Coulomb gas picture which is motivated by Liouville 

theory and contains negative powers of screening operators on the same footing as positive 
Qh! ones. The braiding problem for chiral vertex operators in this extended framework is 

I analyzed. We propose explicit expressions for the i?-matrix with general integer screening 

numbers, which are given in terms of 4F3 g-hypergeometric functions through natural 
analytic continuations of the well-known expression for positive integer screenings. These 
proposals are subsequently verified using a subset of the Moore-Seiberg equations that 
is obtained by simple manipulations in the operator approach. Interesting new relations 
for g-hypergeometric functions (particularly of type 4-F3) arise on the way. 

PACS: 11.25.Hf 

Keywords: Liouville theory; conformal field theory 



"'^e-mail address: jorgen@theory.tifr. res. in 
^e-mail address: schnittg@celfi.phys.univ-tours.fr 



1 Introduction 



The Coulomb gas picture of rational conformal field theory, and its various generaliza- 
tions, has amply proved to be a very efficient tool for the computation of conformal blocks, 
structure constants and braiding properties in these theories ^ ^ Interestingly, 
Coulomb gas techniques have turned out to describe (certain sectors of) irrational con- 
formal field theories as well, such as WZNW theory and Liouville/Toda theory. Within 
the Gervais-Neveu quantization of Liouville theory, an efficient formulation of screened 
vertex operators, avoiding completely the manipulation of contours, was introduced long 
ago in [|, 1,0. 

The historical development of the exploration of Liouville theory in the operator 
framework was in fact such that for a long time, only primary fields corresponding to 
the Kac table were considered, in close analogy to the situation for minimal models. 
The next step of generalization [^, |^ consisted in formulating observables with arbitrary 
conformal dimensions, which however involved only a non-negative integer number of 
screenings. It was pointed out in ref. [|I^ that while those observables (the general 
Liouville exponentials) are formally described by an infinite sum over positive integer 
powers of screening operators, these infinite sums do not permit any naive evaluation even 
in the simple context of three-point functions. Depending on the three-point function 
considered, negative screening powers can arise as a non-perturbative effect, establishing 
contact in this way with the Goulian-Li procedure The analysis of the three-point 



functions furthermore suggests that there should exist a conformal algebra, closed under 
fusion and braiding, involving chiral vertex operators with both positive and negative 
integer powers of screenings. This would constitute a non-trivial generalization of the 
standard Coulomb gas picture and open very interesting perspectives towards an operator 
formulation of a new class of irrational conformal field theories. 

A great virtue of the Gervais-Neveu approach consists in the fact that negative integer 
powers of screenings are just as well defined as positive ones so that their introduction does 
not require any analytic continuation procedure. Negative and positive screening powers 
are in fact related by a Weyl reflection |T2|, |13[, exchanging one of the two equivalent 
free fields of the Gervais-Neveu approach with the other. However, except for the cases 
considered in 0], so far very little has been known about the braiding and fusion algebras 
of vertex operators involving negative powers of screenings. It is clear that the i?-matrix 
and the fusion matrix should be given by an appropriate analytic continuation of q- 
deformed 6j-symbols, as was the case already in the generalization from the Kac table 
to arbitrary continuous spins 0]. 

The objective of the present paper is to establish the braiding algebra of chiral vertex 
operators with arbitrary integer screenings and continuous spins. The operator product 
is then determined as well by the general proportionality relation of Moore and Seiberg 



Tj] between fusion and braiding matrices. 

The remaining part of the paper is organized as follows: 

In Section 2 we introduce our notation and provide some well known background 
material. 

In Section 3 we present our proposal (ansatz) for the analytic continuation of the 
i?-matrix to negative screening numbers. The continuation procedure is remarkably 
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simple, and uses no more than a well-known transformation formula for (truncating) 
g-hypergeometric sums of type 4F3, which constitute the essential part of the analytic 
expression for the braiding matrix. Depending on the signs of the screening numbers 
of the vertex operators to be braided, the standard braiding matrix for positive integer 
screenings of refs. |^ can always be brought into a form such that the continuation 
corresponds to a simple substitution of positive by negative screening numbers. 

In Section 4 we derive, as a simple consequence of the polynomial equations of Moore 
and Seiberg [Q, a system of determining equations for i?-matrices with a mix of both 
positive and negative "ingoing" screening numbers. We verify that our proposal fulfills 
these equations, starting with the case where only one of the vertex operators to be 
braided has negative screening. In the process we need several new relations for q- 
hypergeometric functions, in particular of the type 4-F3 and generalizations thereof. Proofs 



are outlined and will appear in more detail elsewhere |]I5|. We also discuss the delicate 
issue of uniqueness of the solution. 

In Section 5 we turn to the class of /^-matrices where both ingoing screening numbers 
are negative. In order to verify our analytic continuation proposal for this case, we will 
exploit the fact that it can be reduced to the ones treated in Section 4 by means of a 
concatenation procedure. Substantial evidence in favour of our proposal is then provided 
by checking explicitly the resulting identity for several non-trivial classes of examples. 

In Section 6 we discuss the connection of our extended i?-matrices with 6j-symbols. 

Section 7 describes the trivial generalization from only one type of screening charge 
to the case where the conjugate screening charge is included. 

Finally, Section 8 is devoted to concluding remarks and a speculative outlook. We 
discuss in particular the non-chiral case in the context of Liouville theory, including the 
strong coupling regime. 

Appendix A contains some useful observations on certain transformations of g-hyper- 
geometric functions of type 4F3, whereas Appendix B is devoted to further considerations 
on the uniqueness of our proposal for the braiding matrix. 



2 Coulomb Gas Picture and Liouville Theory 

We start by introducing our notation and by recalling some elementary facts about the 
Coulomb gas picture as used in refs. P, |^, H, . As usual. Coulomb gas vertex operators 
are written as a product of a free field vertex operator and some power of screening 
operators. A particularity of the formulation chosen in the above references is that the 
integration contour for the screenings is fixed once and for all, and does not depend on 
the correlator in question. Concretely, for a vertex operator of spin J and f/(l) charge 
m we have 

U^^\a)^v['j\a)S-^^-{a) (1) 

with 

V^^j\a) = e°-'^(a), S{a) = 1" dxVt''\x) + r dxVt^\x) (2) 



2 



Here, X{a) is a canonical free field and a_ is the "semi-classical" screening charge, related 
to the central charge c of the theory in the usual way: 

+ + (3) 

Note that c is arbitrary continuous, and c > 25 for a_ real. In terms of the deformation 
parameter h {q = e*^ is the deformation parameter relevant for the quantum group 
interpretation [|I6|, we have 

Moreover, w is essentially i times the momentum zero mode of the free field, and is taken 
to be real in the following (this corresponds to the elliptic sector of Liouville theory 



and is also the choice appropriate for instance for the description of minimal models in 



this framework pO|). Explicitly, one has 

rPn 

n 



Xia)=qo+Poa + tY: e^"-^ (5) 

and zu = ipo^J^. The f/^-* operators are characterized by their conformal weight Aj, 
their U{1) charge (momentum shift) m, and their normalization I^\w) = (ro|f/^)(a = 
0)|ro + 2m): 

Aj = -J--J{J+1) 

TV 



Uli^w = (^ + 2m)t/(f) 



Ill\w) = 27rr(l + 



, \ J+m 



TC 



'ff r[l + (2J-£+l)V7r] 

H r[l + ih/'K]V[l - (u7 + 2m - £) Vvr]r[l + (w + £) /i/tt] ^ ' 

The braiding properties and the operator product of the t/^-* operators were derived 
in ref. in the case of degenerate operators (2J = 0, 1, 2, ... and m = — J, — J+ 1, J) 
and generalized in refs. |^, Q to the case of arbitrary J and integer positive screening 
numbers n = J + m. Their algebra fulfills the Moore-Seiberg equations [14| of conformal 
field theory p. 

For later use, we introduce a special notation for the leading order operator product 
(fusion) of the two operators Uj^^ and U^t ■*: 

U^\^) UiPia) :^ ,^ (7) 

(as usual, a' has to be given a small positive imaginary part to make the above expression 
well defined). One has the simple multiplication law 

U^\a) f/if V) = g^^'^^-^-^f/i^i'V) (8) 
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for any (positive or negative) integer values of the screenings. 

Local observables (in the Liouville context they are the Liouville exponentials) can 
be constructed as bilinear combinations of the U^^ and their right moving counterparts 



ul^\ with tu-dependent coefficients |2y, |^. Locality is a simple consequence of the 



orthogonality relations obeyed by the g-deformed 6j-symbols that constitute the essential 
part of the chiral braiding matrices. In the present paper, we shall concentrate on the 
algebra of the chiral vertex operators; the application of the extended formalism with 



negative screenings to the construction of local observables, as considered in |]T0| , is left 
for a future publication. 

A crucial feature of the Gervais-Neveu approach is the introduction of a second free 
field, related to the one above by a quantum canonical transformation [^]. As pointed out 
in ref. [|lOl, this is of direct relevance for the problem of constructing negative (integer) 
powers of screening operators: Negative powers of screening operators in terms of X are 
nothing else than positive powers of screening operators in terms of X, the second free 
field. Therefore, there is no need of any analytic continuation procedure to define negative 
screenings, and the corresponding ambiguities are absent from the start. Concretely, we 



have (cf. ref. [p!0| ) 



S-\a) = Sia)-,- \r-, (9) 

2 2 

where S is the screening operator constructed from X. 

We remark here that, X and X being completely equivalent, the replacement of 
one by the other must not change any physical observable. From the quantum group 
point of view, this means that observables are invariant not only under infinitesimal 
Ug{sl{2)) transformations, but also under Weyl refiections [|1^, As discussed in 



for Liouville exponentials outside the Kac table (2J ^ 0,1,2,...), this is a highly non- 
trivial condition which is in confiict with naive charge conservation rules familiar from 
the standard Coulomb gas picture. It serves, in fact, as an important guideline for the 
correct non-perturbative evaluation of matrix elements of the Liouville exponentials as 
constructed within the Gervais-Neveu approach. 



3 The Braiding Matrix 

The braiding matrix R describes the braiding of the two chiral fields U^\a) and uj^, \o'') 

u^\^)uli?W) = E R^J^ J'-^ ^)lTuii\o')u^JM (10) 

The ordering of a and a' is implicit in this definition of R and we shall deal with the case 
< cr < cr' < 27r explicitly, reserving the notation R for the opposite ordering of a and 
a' . The sums extend over the integers 

77-1 = J + mi , n2 = J' + m2 (11) 

the ranges of which we shall discuss below. The parameters are subject to the condition 

mi + m2 = m + m' (12) 
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so that there is really just one sum in Eq. (p^Ol). In general, the combinations 

n = J + m , n' = J' + m' (13) 

are related to the screening numbers and have mainly been treated as non-negative inte- 
gers in the literature. In particular, the braiding matrix for non-negative integers n and 
n' and arbitrary spins is known to be |M] 



i?( J, J'- ZU)1%T = exp {-m(A,. + A,.+^+„, - A,+m, - A,.+„)} g2nJ'-2n2J 

[2x + n2 + 2\n, [2x ~2J -2J' + n + n2 + l\n' [2J' - n2 + Ijn-m 
[2x - 2 J' + n2 + IJ n+n'+l 
( -2J + n, -2J' + n2, -ni, -n' _ \ 

^ ^ 1^ -2x -n-n' -1, n-ui + l, 2x - 2J - 2J' + n + n2 + I ' ^' J 

[2x - 2 J' + 2^2 + IJ 1^ ^ 

[2x + n2 + 2J„, [2x -2J -2J' + n + n2 + lj„' [2J' - n2 + l\n~m 



[2x - 2 J' + n2 + IJ n+n'+l 

^Q[l\\[-2x-n~n' -l\i[n-ni + l\i[2x-2J -2J' + n + n2 + l\i ^ ' 

with X defined by = 2a; + 1 + ^. Here, the standard notation for the g-hj^ergeometric 
function has been used 



4-^3 



a, b, c, d \ _ [a\n[b\n[c\n[d\n „ 



[a\o = l , [a\n = [a\[a + l\...[a + n-l\ (15) 

It should be noted that in the standard case {n and n' non-negative integers) the sum- 
mation in ([T^ ) truncates after a finite number of terms. We shall use the convention 
[y\ = sin{yh)/ sm{h). 

A g-hypergeometric function ([ISD is balanced if g = a + b + c + d — e — f + 1 and 
Saalschutzian if furthermore d (or equivalently a, b or c) is a non-positive integer. A q- 
deformed Saalschutzian 4F3 hypergeometric function satisfies the standard transformation 
(ST) rule § 



4-^3 



a, b, c, d _ \ _ [/ - cj_d[e + / - a - 6J_ 



e, f, g ' ; [f\.d[e + f-a-b-c\.d 

e — a, e — 6, c, d 



The present work is devoted to a discussion of the braiding matrix for the case where 
the ingoing screening numbers are arbitrary integers. We will assume that the outgoing 
screening numbers are also integers - see below for further comments on this point. 
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As the braiding matrix for non-negative integer screenings Eq. ( p!^ is expressed in 
terms of a g-hypergeometric function, the most naive procedure for an extension to neg- 
ative screenings would be to simply replace one or both of the ingoing screening numbers 
n, n' by negative integers and simultaneously allow the outgoing screening numbers to be 
arbitrary integers. However, this would in general lead to g-hypergeometric sums that 
do not truncate, and such sums may well diverge for |g| = 1 since the denominators of 
individual terms cannot be bounded away from zero. The remedy is given by employing 
ST (|T6|) before continuing the ingoing screening numbers after which a continuation re- 
sults in a finite and well defined expression, as will be discussed below. We thus arrive 
at an explicit proposal for the i?-matrix, which will subsequently be verified. 



3.1 Analytic Continuation 

From a mathematical point of view, the extension of the explicit expression ( |14|) to arbi- 
trary integer screenings is certainly not unique as we are trying to analytically continue 
a function given only on a discrete set of points. Let us make a division into subcases 
characterized by the signs of the ingoing screening numbers and treat them one by one. 
The expressions for the i?-matrices we obtain should of course only be considered as an 
ansatz. The evidence for their validity will be given in the following sections. 



3.1.1 I: Positive-Positive Case, n, > 

It is well known that the set of chiral vertex operators corresponding to non-negative 
screening numbers closes under braiding, ensuring that both of the outgoing operators 
have non-negative screening numbers. It is easily verified algebraically that precisely 
then is the i?-matrix (|T^) non-vanishing and has no poles in the limits where 2J or 2J' 
becomes an integeiQ. The finite summation range for the truncating g-hypergeometric 
function is given explicitly by 

maa;(0, ni — n) <l < min{ni, n') (17) 

and ni,n2 > 0. This analysis suggests that a more natural expression exists for ni > 
n, which allows to avoid cancellations of the form [— 1J!/L~1J'- Let us introduce the 
notation and -R< for the type I i?-matrix (n, n' > 0) in the cases ni > n and rii < n, 
respectively. By construction, i?< is given by whereas Ri^ is naturally represented 
as 

RiiJ, J'- WZ%T = exp {-m(A, + A,+m+m' - A,+m, - A,+^)} g2nJ'-2n,J 

• [2x - 2 J' + 2^2 + IJ ( 1 

\ rii — n I 

[2x + n2 + 2\n[2x -2J -2J' + n + n' + lj„, [-2J + 
[2x - 2 J' + n2 + l\ n+n'+l 
f -2J + n + n' -n2, -2J' + n', -n, -^2 \ . . 

^ M 2x-2J -2J' + n + n' + 1, -2x - n - n2 - I, n' - n2 + I ' ^' j ^ ' 



^Such an analysis is similar in spirit to the discussion of fusion rules in ref. 
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This expression may be obtained either by shifting the summation over rti — n < I < n' 
to </< 722, or by a repeated use of ST (plGf). In Appendix A some useful techniques 
based on ST are discussed and the present situation is presented as an illustration. 



3.1.2 II: Negative-Positive Case, n <{) <n' 

Inspection of Eqs. (|1^ and (|I8]) shows that R^^ may be represented by exactly the same 
mathematical expressions as R^ when in the latter n has been continued to negative 
integers: 

R!J = R{ , Ri^ = Rl (19) 

For the second equality to make sense, it is crucial that Eq. ([18|) vanishes term by term 
for n2 < due to the binomial prefactor. Ri^ also vanishes in this case. An alternative 
way to obtain Eq. ([T9|) is the following: In order to have a well defined and non-vanishing 
i?-matrix for n < < n' and 2 J and 2 J' non-integer, we find that the summation variable 
/ in Eq. (|l^) must satisfy 

< / < min{ni — n — 1, n') or max(0, Ui — n) < I < n' (20) 

It should be noted that there is no overlap between these two regimes. The first regime 
is excluded by our second demand that the i?-matrix must be well defined in the limit 
where 2 J' is an integer (analyzing the limit where 2 J is an integer does not provide new 
information). This leaves us with 

max(0, rii — n) < I < n — > < ^2 (21) 

The last inequality expresses a selection rule preserving the non-negativity of the screen- 
ing number under braiding (from the left) with a negative screening vertex operator. 



3.1.3 III: Positive- Negative Case, n' < < n 

In complete analogy with the analysis of case II we find that the type III i?-matrix may 
be represented by the following single surviving range for the summation variable / ([T^ 

max{0, Til — n) < I < rii < rii (22) 

Accumulating the information from cases I, II and III, we observe that the property of 
non-negativity of a screening number is preserved under any braiding; see also Section 4. 



3.1.4 IV: Negative-Negative Case, n, < 

In the final case where both n and n' are negative integers our construction goes as 
follows. We shall initially focus on the g-hypergeometric part of R^ which will be denoted 
/. Employing ST once results in the rewriting 

-2J + n, — 2J' + n2, — n — n' + ^2, —n' \ 
-2x-n-n' - 1, -n' + n2 + 1, 2x - 2 J - 2 J' + n + n2 + 1 ' ^' J 

2 J' — n — n' — n2 — l\n' \_—2x + 2J — n — n' \ „/ 




[-2x - n - n' - \_-2x + 2J + 2J' - n - n' - n2\n' 

( 2J - n - n' + n2 + I, n + 1, -2J' + n2, -n' \ , ^ 

i -n' + n2 + l, -2x + 2J-n-n', 2x - 2J' + n + n2 + 2 ' ^' j ^ ^ 
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It should be stressed that a possible pole or zero in I which is matched by an appropriate 
zero or pole, respectively, in the prefactors of , must also be present in the right hand 
side. In this sense, the two expressions are completely equivalent. Now, the right hand 
side is also well defined after the substitution rii —rii — l. This is the core of our analytic 
continuation and we define the object IZn^l^l^li^ by the right hand side in (|23| ) after the 
substitution. The full type IV i?-matrix is obtained by multiplying /Z^i^.-n"-]"^ 
original prefactors in in which the substitution ra, —rii — 1 has been performed. The 
shift by —1 in the substitution rii ~^ — 1 is convenient because R^^ is defined only 
for purely negative ingoing screening numbers. Nevertheless, let us state our proposal in 
the form 



[2x - 2J' - 2n2 + IJ 



-n \ 
-rii J 

[2x -n2 + 2\ [2x - 2 J - 2 J' -2n-n' -n2 + 2\ n-i [2 J' + ^2 + Ij n'^n^ 



[2x - 2J - 2n - n' + 2j„+„/_i 

, -2J-n, -2J'-n2, 1 -n2, 1 -n il (oa\ 

I -2x, n' - n2 + 1, 2x - 2 J - 2 J' - 2n - n' - n2 + 2 ' ^' ' ^ > 



where an additional ST has been employed. Here n and n' are positive integers and 
-rii = Ji + m- 

In conclusion, our two analytic continuation procedures result in the same expressions 
for the braiding matrices. In case IV, though, only one approach seems to apply directly. 



In ||T^ we shall return to the question of infinite sum representations of g-hypergeometric 
functions and braiding matrices. 

We have seen that all four types may be constructed using well defined concatenations 
of ST followed by trivial continuations of one or two of the ingoing screening numbers. 
Thus, the approach based on repeated use of ST demonstrates the universality of the 
mathematical expression for the original braiding matrix. Of course, this statement 
pertains to our proposal only. In the following sections we shall argue for the validity of 
this proposal. 



3.2 Weyl Reflection Symmetry 

In this section we shall perform a first test on our proposal by comparing it with the 
braiding matrices obtainable by Weyl refiection symmetry from the well known type I. 
Since Weyl reflections act on the screening numbers as nj — > 2Jj — n^, subclasses of all 
four types are reachable, depending on the signs of 2J — n and 2 J' — n'. As we are not 
addressing the question of non-integer screening numbers we shall restrict ourselves to 
the case 2 J, 2 J' e 

The explicit relation between S*" and 5*"" is 

Kn{-co) = Ki{w + 2{n- l))Ki{w + 2{n-2))...Ki{w) (25) 
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where Ki{-uo) is given by the normahzation factor in the right hand side of Eq. (|^) 

Kiizu) = Ip{vj + 1)/1^\-U7 - 1) (26) 

2 2 

Weyl reflection dictates that 

r,(J 7/.„A-fc2,-fel _ D/7 7/. Xfc2.fcl I^j\^W\^ + '2J -2n) 

I), '(zu)r '(zu + 2J' -2k2) 



Kjd'\w + 2 J' - 2k2)Kk,{w + 2J + 2 J' - 2k2 - 2ki] 



(27) 



Kn{w + 2J - 2n)Kn\w + 2 J + 2 J' -2n- 2n') 
and one may show that this reduces to 

^2nJ'-2n2 J D/ T ji . „N2J'-n2,2J-ni _ -2tiJ'+2ti2 J D/ T 7/. „\"2,".l /ooN 

This relation may be seen as boundary conditions on our proposal imposed by the reflec- 
tion symmetry. 

Due to the universality of the mathematical structure of the braiding matrix, it is 
almost straightforward to verify that our proposal satisfies (|28|) . In principle, one should 
distinct between the four resulting types of braiding matrices. However, we know from 
Appendix A that Weyl reflections for 2 J, 2 J' G Z and (concatenations of) the STs we 
employ commute so it is sufficient to consider only one type. In the representation of 
type I we have 



I ]dI ( T T>. „\5 
y n {J,J , -^)2.J~n,2.J'~n' 

( 2J — n \ 

= exp {-i7r(A^. + A^+„+„/ - A^+^j - A^+„)} [2x - 2J' + 2^2 + ( 2 J - ^ J 

[2x - 2J - 2J' + n + n' + 1\ 2.7-^ [2x - 2J' + n + n' + n2 + 2\ 2.p-n' [n2 + Ij n'-n-, 
[2x -2J-2J' + n + n' + n2 + lj2j+2j'-n-n'+i 
/ -2J + ni, -2J' + n', -^2, -n _ \ 

^ ^\ -2x -n-n2-l, n' -n2 + l, 2x -2J -2J' + n + n' + 1 ' J 

= g-2"-''+2"2-'i?^(J, J';ti7)™ (29) 
where the last equality is due to a concatenation of STs. 



4 Double Braiding Relations for the Type II and III 
i?-matrices 

In this section we shall set up simple relations for the /^-matrices using one of the polyno- 
mial equations of Moore and Seiberg |T^, namely the commutativity of fusion and braid- 



ing. The Moore-Seiberg equations were originally set up within the context of rational 
conformal field theory, but can be viewed as a set of consistency relations for conformal 
field theory in general. For the present operator algebra, which extends the standard 
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Coulomb gas in a rather non-trivial fashion, their validity may not seem self-evident - 
especially since both fusion and braiding matrices involve an infinite number of conformal 
blocks. We will take the commutativity of fusion and braiding as an axiomatic starting 
point of our analysis, though in principle our explicit operatorial construction should al- 
low to discuss its validity. In any such discussion, manipulations with infinite sums over 
conformal operators will necessarily arise and one may speculate that the Moore-Seiberg 
equations will act as a defining principle for their treatment; clearly, further analysis will 
be necessary to elucidate this point. 

There are several possibilities for choosing an appropriate equation system to study. It 
turns out that a convenient choice is the recursive system to be analyzed in the following. 



4.1 Recursive Equation Systems 

Let us first consider the product 

U^-n!:\a) Q U^^\a)U^^\a') (30) 

(cf. Eq. d^)) and braid through from the right the operator U^^\a'). Demanding 
that the above expression can be evaluated either by braiding first and then fusing the 
operators at a, or vice versa, allows us to derive the double braiding relation 

na+ns 
1=0 k 

■ ^Ls+Ui -ni -i+fc (^') U-( jl-jf)+l-k (^) 
i 

Hi is a positive integer while n2 and are non-negative ones. The sums over k and 
i could in principle contain non-integer values or even an integration, since they are 
related to outgoing screening numbers about which we have no a priori knowledge as 
soon as we leave the safe grounds of the standard Coulomb gas with positive screenings 
only. In Appendix B, we present an argument involving degenerate field techniques which 
suggests that non-integer values may actually occur, with the corresponding i?-matrix 
elements decouphng from those for integer outgoing screenings. This is quite puzzling, 
as one would expect our explicit operator construction to select one particular i?-matrix, 
removing the ambiguity. However, braiding problems with negative ingoing screenings 
involve infinite sums over products of outgoing vertex operators, the evaluation of which 
is expected to be delicate [|lOl; in particular, several equivalent representations with 
numerically different i?-matrices may exist, as is suggested by the argument in Appendix 
B. These questions, though clearly important, go beyond the scope of this first analysis 
of the braiding problem with negative screenings. We will therefore discuss here only the 
i?-matrix elements for integer outgoing screenings. We consider the case ns = in Eq. 
(Pip for which we may deduce the equation system 

Triangular Equation System 

1=0 
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by comparison of coefficients of like operators. For integer outgoing screenings, L is 
integer. Note that in any case there is no couphng between matrix elements for integer 
and non-integer outgoing screenings. Due to the "triangular" structure of this equation 
system, all braiding matrices of type II are determined recursively in terms of i?-matrices 
of type I and the subclass of type II consisting of i?-matrices of the form i?(J, J'; cu)1^^^"\ 
However, the latter may be determined by an additional and independent equation system 
and a selection rule. Consider the product 

u';:/,'\a)QS-{a)V^j;){a') (33) 

and braid through from the right the operator V_j, {a'). One obtains the double braiding 
relation 



^ i?(0, J'- w + nrXS^-'''R{nl2, J'^ ^) 



)n,ni—n 

'(•^')/^/\ cm-n-n'i /'^'\T/("/2) 



e^'^-^Vi^VOV^iSV) (34) 



Now we may use that degenerate fields remain degenerate fields after braiding [^] and 
we derive the equation system 

Initial Equation System 

n 

^-rHnj' ^ ^(^/2, J'- ^)^^+,_„i?(0, J'- w + n)^+|,-"''-^ = 5^,0 (35) 

1=0 

which we shall denote the "initial" one. This equation system fixes the remaining inde- 
terminacy, if we impose the additional selection rule 

Selection Rule 

/?( Ji, J2; ^17)1^"^,-"""' = for n > 0, n' > 0, n2 < 

i?(Ji, J2; w)^"_"Jr''i'"^ =0 for n > 0, n' > 0, ni < (36) 

All screening numbers are taken to be integers. The selection rule means that positive 
screenings always remain positive screenings after braiding. This rule is certainly fulfilled 
by our analytic continuation of the i?-matrix as already discussed, but we do not have, 
at present, an a priori derivation. Its validity can be verified in the case where one of 
the ingoing vertex operators is degenerate, cf. Appendix B. It is an interesting question 
whether it can be deduced in general by invoking other polynomial equations, or by using 
more information about the explicit structure of the negative screening vertex operators. 

If we consider the case of integer K and take into account the selection rule, we can 
rewrite Eq. (pSj) as 



e-^'^^' f: ^(^/2, J': r^)jr'-''i?(0, J'; w + 71^17' = 5k,o (37) 

l=max{0,K—n) 
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This equation system now determines recursively all remaining unknowns, if we consider 
successively K = 0,1,2.... We will now outline the proof that our explicit proposal 
is the unique solution of Triangular and Initial equation systems plus selection rule, if 
only integer outgoing screenings are admitted. The argument is based on certain new 
identities for g-hypergeometric functions and generalizations thereof. Detailed proofs of 



these identities will be presented elsewhere |15 



4.2 Verification of Proposal 

Here we shall verify that the analytically continued expression subject to (^) pro- 
vides a solution to the two double braiding relations discussed above. 

We first consider the triangular equation system (|3^) . Insertion of our proposal yields 
the equation system 

n2 / \ _ 

J2[2x + 2Ji - 2J3 - 2n, + 2n, - 2/ + Ij ( ""^^ j i?(-Ji, J,; w)ZZ!n7-i'^'~'^'^ 

[2x + 2Ji - 2ni + na - / + 2j;[2J3 - + / + Ijn,.; 
[2x + 2Ji - 2J3 - 2ni + na - / + ljn2+i 

= Q{-ni + na - L > 0) [2a; - 2 J3 - 2ni + 2na - 2L + Ij (-1)^^^^^^^ 

L2x - ni + na - L + 2J L [2 J3 + ni - na + + IJ _„^+„2_l 



[2x - 2 J3 - ni + na - L + IJ . 



-ni+n2+l 



(38) 



where 



T3( J T . „N-ni+n2-L,-«+L 



[2x - 2J3 - 2ni + 2na - 2L + Ij (-1)^'' fr'^^i', L^a^ - ni + n2 - L + 2\l- 

[L — /J ! 

[2x + 2Ji - 2J3 - 2ni + na - L + lj„,_z [2J3 + rii - ria + L + Ij ^^-L+i 



\2x - 2J^ - rii + n2 - L + l\ 
"g' [2Ji - niji [-2J3 - ni + na - Lji 



+n2-l+l 



[-L + l\i[l~n2\i 

[-ni - L + l + l\i[2x + 2Ji- 2J3 - 2ni + na - L + IJ, 



(39) 



R is merely the i?-matrix (|T^) subject to ( pT]) without the explicit phases and powers of q 
which cancel out their analogues in the other /^-matrices. Our proof will be by induction 
in na and it is recalled that ni>\. Introduce the integer 

N = -ni+n2-L (40) 

Due to the selection rule, the equation system becomes trivial for < 0, so in the 
following we may assume that > 0. 

It is easily verified that the Triangular equation system (|38D is satisfied for the initial 
value na = 0. For general na, the left hand side in (|38| ) will be denoted C whereas the 
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right hand side will be denoted TZ. The finite double summation in C may be expressed 
as 

C^Y.Si (41) 

where 



;-l)"H2a;-2J3 + 2Ar + lJ 



[naj ! [ni + AT - J - IJ ! [2 J3 -n2-N + j + Ij n,+jv-j 
Ln2 - J J ! hi - IJ ! LjJ ! - J J ! [-2^ - TV - Ij n,+iv-,- 

-2Ji + ni - 722 + j + lj n2-i 



L-2a; - 2Ji + 2J3 + 2ni - 2n2 - IJn^+iL-Sa; + 2 J3 + m - n2 - - Ij-m+n^+i 

n2-j 

[2x + 2 Ji - 2 J3 - 2ni + 2^2 - 2Z + Ij [-2x - 2 Ji + 2 J3 + m - ria - + /J ^ 

z=o 

[-^2 + J J I L-2x - 2 Ji + 2ni - na - IJ/ 

L/J!L-2Ji+ni-n2 + j + lJz 
[-2x - 2Ji + 2J3 + 2ni - 2n2 - IJ; [-2^; + 2J3 + rii - n2 - - Ijz 
L2J3 - 712 - A^ + j + lJzL-2a; - 2Ji + 2J3 + 2ni - risj; 



(42) 



We also introduce 

Sj{{-p})^Sj{2x+p,2Ji,2J^-p,ni,n2-p,N -p) (43) 

where the parameters 7^2, A^", — 2x and 2 J3 all have been subtracted p while the remaining 
parameters rii and 2Ji are left unchanged. TZ{{—p}) is defined analogously where the 
unshifted TZ is given explicitly by 

^ ^ \_2x - 2 J3 + 2Ar + IJ [ni - 712 + AT - 1J1L2J3 - + ljArL-2x + 2J3 - A^J^-n.-i 



(44) 



[N\ ! [711 - n2 - IJ ! [-2x -N-l\ 

We shall make a case distinction and consider A^ = first in which case 

C^S^ (45) 

Lemma 1 

5o = ^(2x,2Ji,2J3,7ii,7i2,Ar = 0) (46) 
For A^ > 0, let denote the following sum 

+ /V - 1 1 1 

Mfe = (_i)-2L2x_2J3 + 2Ar + lJ Li+ J- 



[tzi - IJ ! [A;J ! [A^J [A^ - A; - IJ ! 

L2J3 - 7Z2 - A^ + + l\n2+N-k[-'^Jl + ni - 7Z2 + + Ijna-fc 

[-2x - A^ - l\^,+r^_k\_-2x - 2Ji + 2J3 + 27ii - 27i2 + A; - Ijn^-fc+i 
1 



\_-2x + 2 J3 + 7li - 7l2 - A^ - Ij -ni+na+l 
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47) 



■ L2a; + 2 Ji - 2 J3 - 2ni + 2^2 - 2/ + 1 - A;J 

1=0 

[-712 + k\ I [-2x -2Ji + 2ni-n2-l\i 

[l\\[-2Ji+ni~n2 + k + l\i 
[-2x - 2Ji + 2J3 + 2ni -2n2 + k- l\i[-2x + 2J3 + rii - n2 - N - 1\ 
[2J3-n2-N + k + l\i[-2x - 2Ji + 2J3 + 2ni - risj; 

where Mq = Sq. The following lemma determines a relation between 5*^ and M^. 
Lemma 2 

For < n2 we have 

Mfc - Mfc+i = ^ AtSm{{-k - 1 + m}) (48) 

m=0 



where 



^ ^ [A; + l-mJ![-2a; + 2J3-Ar-A;-l+mJfe+i_„ ^ ^ 

and in particular A^"^^ = — 1. 
It then follows that 

min{N,n2)~l k 

C= E J2^kSm{{-k-l+m}) + e{n2<N)M^, (50) 

k=0 m=0 

from which (|38| ) may be deduced, thus completing the proof of the Triangular equation 
system (0). 

Now we turn to the Initial equation system (|37D . Insertion of our proposal yields the 
equation system 

L-nJ [2X + K + 2J r^-K L-2 J'J L2a; - 2 J' + 2J „_i 



[2x-2J' + 2ir + lJ(-l) 



[n - irj ! [2x - 2J' + + \2x + 2J„ 
^ [2x-2J' + n + 2/ + lJ- 



K y_K\i[2x-2J' + K + l\i 



1 inw ^ \l\\\n-K + l\ 

l=max(0,K —n) L J L 'J 

ln\i[2x -2J' + n + l\i 
[2x - 2J' + n + K + 2\i[2x - 2 J' + 2J i 



(51) 



It is immediate that the right hand side vanishes for K <{) and that it reduces to 1 for 
K = We may therefore assume K > After a case distinction into < i^' < tt, and 
Q < n < K the identity follows by induction in K and n, respectively, thus completing 
the proof of the Initial equation system (|37|) . Details on the proofs of both the Triangular 
and the Initial equation systems will appear elsewhere |T3I . 
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4.3 The Type III i?-matrix 

So far we have only verified our proposal for /^-matrices of type II. Type III /2-matrices 
may be obtained from the latter essentially by hermitian conjugation. We have 

{vyj\a)S''{a)V^''j){a')S-'''{a')y = S-'''\a')V^-^j)\a')S''\a)V^f (a) 

= S--\a')vl';){a')S"{a)V^'j\a) (52) 

Here we have used that for real zo, the two free fields are just hermitian conjugates of 
each other (Kij/"* and S denote operators constructed from the field X). The order of 
screening operators and free field exponentials can be reverted to the standard form at 
the expense of simple phase factors, so that 

(vyj\a)S''{a)V^^j){a')S~'''{a')y = q^^^''--^''''^VyP{a')S~''\a')V^-^J{a)S''{a) (53) 

The expression on the right hand side is of the type II already discussed. Braiding the 
operators on the left hand side with the unknown type III i?-matrix, we obtain 

R*{J, JV-2ni + 2n2 + 2(J + J'));,"'r g'^^"^-''"^) = q^^'^^-^'^^'miJ' , J; -w)'!};,7;' (54) 

The bar on the i?-matrix on the right hand side indicates that this i?-matrix braids an 
operator at a' with an operator at a (cf. comment following Eq. (0)), contrary to the 
one on the left hand side. Notice also the replacement w —w in this i?-matrix which 
reflects the fact that it applies to the braiding of "tilded" operators. The final result for 
the type III braiding matrix thus becomes 

i?( J, /; tI7)-"4;?^ = g-2[J(n-n,)-J'(n'-n,)];^*^^/^ j. _^ _ ^ + 2( J + J'))-n'T (^5) 

In the case of braiding of positive screening vertex operators, it is well known that 



i?(J, J'; cc)"^^?^ differs from i?(J, J'; voYnn'^ only by a phase factor ||21|, and it is evident 



from our analytic continuation procedure that the type II i?-matrix will keep this prop- 
erty. Therefore, we can write Eq. (^) as a relation between /^-matrices corresponding 
to the same position ordering: 

i?(J, J'; ?Z7)~"^.'?^ = g"2[J(n-rii)-J'(n'-n2)]g-2i7r(A^+A^^„_^^,-A^+„2-A^+„) 

■ i?*(J', J; -U7- 2^1 + 2^2 + 2(7 + /))-„>' (56) 

where vn! = —n' — J' and m2 = —n2 — J'. Eq. (^) determines the type III i?-matrix 
in terms of the type II one, which we have already verified. We show that our analytic 
continuation fulfills Eq. ( |5B| ) by considering separately the two cases n > ni and n < rii. 
From our formula for the type II i?-matrix, we obtain for the right hand side (up to 
exphcit phases and powers of g, cf. comment following Eq. (|39|)) 



-n' 



R{J\ J; -w - 2ni + 2^2 + 2( J + /))-«"? = L-2a; + 2J' + 2n2 - Ij , 
[-2x + 2 J + 2 J' -ni + 2n2\ -n^ [-2x - n + n2 - l\n[^J - ni + Ijn^-n' 



[-2x + 2 J' -ni + 2n2 - Ij 



n—n'+l 



^=maxi:n'-n.) W'L2x-2J-2J' + ni-n2+JzK-n' + lJ,L-2x-n + n2j, ^ ' 
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In the first case n > ni, the summation in (0) may be written 

[-n\ „/_„2 [n2j, 



E 



J n' —712 



i=„'-„2 L^' - ! L«2 -n' + l\ n'-n2 

[-2 J' - n'\n'-n2 [-2 J + niJn/_„, 

[2X - 2J - 2 J' + ni - 722 + ljn'-n2 L-2x - n + 722 - ljn'-n2 

[-2J'-n,U[-2J + n\i[n'\i[-m\i 

^ [/J![n'-n2 + lJ/L2x-2J-2J' + n-n2 + lJzL-2a;-n + n'-lJi ^ ^ 

and by re- inserting it we recognize the left hand side of Eq. (|56|). In the second case 
n < rii, the summation on the left hand side of Eq. (^) may be written 

L '^ij ni— n J rti— n 
[-2 J + ?2j„^_n[-2J' - ?22jni-n 

[-2a; - n + - lj„,„„[2x - 2 J - 2 J' + n - ^2 + Ij^-n 

[-2J + m\i[-2J'-n'\,[-nU[n,U .^g. 

[/J![ni-n + lJi[-2a; + n2-r2-lJi[2a;-2J-2J' + r2i-n2 + lJ« ^ ' 



and by re- inserting it we recognize the expression (l57|). This concludes the verification of 
our proposal for the type III i?-matrix. 



5 Connection with 6j-symbols 



The braiding matrix for vertex operators from the Kac table was shown in I^T] to co- 
incide with g-deformed 6j-symbols for Uq{sl{2)), up to normalization factors that were 
determined explicitly. This result continues to be true for general positive screening ver- 
tex operators 0. We will not show here that our expression for the i?-matrix in the 
presence of negative screenings can indeed be interpreted consistently as a g-deformed 
6j-symbol - this would require verifying all of the defining properties of the latter - but 
rather offer a most natural generalization of the standard relation between i?-matrix and 
6j-symbol, as given in ref. H]: 



6 C 

TD( T T' „\n2,ni _ ^-i7r(Ac+Aj,-Ae-Af ) ^ab^de jab el 

nyj,j ,w)^.^, — e — —\dc fj 



The arguments of the g-deformed 6j-symbol are 

a = J, b = X + m + m', 
d = J', e = X + 1712, f - 
and the coefficients are given by 



f c 
^db^af 



C = X 

X + m 



(60) 



(61) 



J1+J2—J12 



Jl2 



2TxT{l + h/'K) sin/i 



Jh{Jl + J2-Jl2)iJl-J2-Jl2) 



J1 + J2 — J12 

n 

k=l 



[1 + 2 Ji - k\ 



\ [k\ [1 + 2J2 - k\ [-(1 + 2Ji2 + k)\ 



(62) 
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The last equation makes sense for arbitrary Ji, J2, J12 such that Ji + J2 — Ju is a non- 
negative integer, but is readily extended to negative screening numbers if we define prod- 
ucts with negative upper limits as usual by 



(63) 



As our method provides us directly with the braiding matrix, rather than the 6j-symbol, 
Eq. (pop should be read as our definition of (or proposal for) the g-deformed 6j-symbol, 
extended to arbitrary integer screening numbers. 

An extension to the purely negative case where all (ingoing and outgoing) screening 
numbers are negative, has been provided in ref. 0. Here we shall show that our definition 
(|5(]|) based on our proposal for the braiding matrix, reproduces (and generalize^) the 
result of in the purely negative case. The idea is to verify invariance of our proposal 
under the replacement Ji —>■ — Ji — 1 (implying in particular that screening numbers are 
transformed according to Ui —Ui — 1) 



{ 



J x-J-J'+n+n' 
J' x 



-Ui 

x—J'+n2 \ 
x—J+n J 



{ 



-J-1 -x+J+J'-n-n'-l 
-J-1' -x-1 



-x+J'-n2-l} 
-x+J—n—1 J 



(64) 



which is the defining property for the extension in ref. ||^. In order to do that let us 
write down explicitly the well known g-deformed 6j-symbol 



x—J'+n2 } 
x—J+n J 



(j x-J-J'+n+n' 
\J' X 

/ [2J-n+ l\n2-n' [2X -2J -2J' + n + n' + n2 + Ijn-na 

1^ [2 J' - n2 + IJ [2x + na + 2J 

\_2x - 2 J' + ^2 + IJ n+n'+i [2x -2J + 2n + l\ [riaj ! [^i J ! ^ 
[2x-2J + n + IJ [2x - 2 J' + 2n2 + Ij [n\ ! [n'\ ! / 



\n2,ni 
in,n' 



■ R\j,J']w) 
and our proposal in the purely negative case 

f-J-l -x+J+J'~n-n'-l -x+J'-n2-l\ 
\-J-l' -x+J-n-1 / 

/ [-2 J + nJ„/_„2 [-2x + 2J + 2 J' - 



(65) 



n — n 



n2\n2-n 



\ [-2 J' + n2\ n'-n2 L-2a; - n2 - IJ „2_„ 

[-2x + 2 J' - n2\ -n-n'-i [-2x + 2 J - 2n - IJ [-ui - Ij ! [-n2 - Ij ! ~ 



[-2X + 2J -n\. 



-n—n' — l 



\-2x + 2 J' - 2712 - IJ L-^ - IJ ' L-^' - IJ ' 



K'^i-J -\,-J' 



— n2 — 1,— ni — 1 
'-n-l,-n'-l 



(66) 



Employing ST six times, it is now straightforward to verify the invariance (|6^) . 

In ref. P] it is observed that the g-deformed 6j-symbol possesses the simple symmetry 



x—J—J'+n+n' 

X 



x—J+n \ 
x—J'+n2 J 



x—J—J'+n+n' 

X 



x—J 

X-J+ 



'+n2\ 
+n / 



(67) 



^In contrast to ref. P, we do not assume that the outgoing screenings are negative. 
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An explicit proof based on (^) is immediate, so let us conclude this section by stating 
the equivalence of (|67D in terms of /^-matrices 

[2x - 2J + 2n + IJ [naj ! [^ij ! [2x -2J-2J' + n + n' + n2 + lj„_„2 
[2x -2J' + 2n2 + IJ H ! L^'J ! [2x + + 2J,_„, 

• [2 J - n + IJ L2X - 2 J- + n2 + lJ.+.,+l 2nJ'+2n. J^/( j J. ^)n2^x (gg^ 



6 Construction of the Type IV i?-matrix by Concate- 
nation 

In this section we shall argue for the validity of our proposal for the type IV i2-matrix 
by explicit comparison with an expression obtained by a 3 step concatenation. 

Step 1 is a direct verification that our proposal for J = J' = is identical to the 
result of imposing Weyl reflection symmetry on the corresponding type I i?-matrix. Eq. 
(p^) readily ensures that. Step 2 is then the generalization to J' = and J generic, using 
the result of Step 1. Finally, Step 3 completes the generalization to J and J' generic. In 
both Step 2 and Step 3, we consider the braiding of v!:'^j S^'"'{a) with V^'^j) S~"'' {a'), for 
n, n' > 0. 



6.1 Step 2 

The i?-matrix we want to establish is given by 

vl.'j\a)S--ia)S--'ia') = ^ ^(^, 0; r^):-i;-5--K)V^i'A^)5--(^) (69) 

where rii = n + n' — On the other hand we also have {k2 = n + n' — ki) 

Vyj\a)S-{a)S-'{a') = Vyj\a)j: R{0,0;r:o)zt:--^,^ S-'^{a')S-'^{a) (70) 

ki 

where < ki, k2 < n + n' hj reflection symmetry (whereby the sum over ki is seen to be 
finite). The right hand side can be further rewritten as {li = I2 — k2) 

E Rmr^-2J)zt%'' E RW;w)-;iil S-Ha')V^'j\a)S^^-'^{a) (71) 

ki I2 

leading to the equation 
Step 2 Equation 

m,in{n2,n+n') 

R{J, 0; ti;):™— = E ^(0, 0; ti; - 2J):f:;^„?-"' R{J, 0; w)-^.^'' (72) 

k=0 

The right hand side is fully known as the type III braiding has been solved. The upper 
summation limit n2 is due to the selection rule and could also be inferred by a "fusion 
rule analysis" (see Section 3.1) of the left hand side. Though we do not have a complete 
proof of (72) we do have substantial evidence since we have been able to prove it for 
77-2 = 0, 1 or 2. 
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6.2 Step 3 

It is firstly noted that 

We will consider this last expression, assuming that our proposal for i?( J, 0; tJ7)I^^l"^r"~"' 
has already been verified (Step 2). We then have 

vl'j\a)S-{cr)S'-'{a')vl';){a') 

k2>0 h 

■ v[';}{a')S'^{a')V^^]{a)S'^{a) 

fc2>0 h 

■ Vyj){a')S''-''^{a')vl^j\a)S''{a) (74) 
in addition to 

Vyj\a)S--{a)Vy;){a')S--\a')=YRiJ,J'-,^)Z:%^^^^^^ 

(75) 

with li,ni again defined by conservation of total screening number. By comparing the 
two results for the braiding in question, we find 

Step 3 Equation 

R[J,J ,w)_^_^, = 2^ q ' R[J,{J,w)_^_^, R[J,J,w-2k)f._^_^,Q 

(76) 

By analyzing the second factor on the right hand side we find that the summation over 
k is restricted as 

n2 < k for n + n' < n2 
n2<k<n + n' — 1 for n2 < n + n' — 1 (77) 

An explicit proof of Eq. (|76D is quite laborious, but we have checked it explicitly in the 
case n = 1 and n2 < n', thus presenting further evidence in favour of our proposal. 
A further discussion on the type IV i?-matrix will appear elsewhere ITH . 



7 Case of Two Screening Charges: a+ and a_ 

Up to now, we have restricted ourselves to vertex operators involving only screenings 
corresponding to the "semi-classical" screening charge a_. However, it is straightforward 
to include the screenings corresponding to the conjugate charge a+, with = 27i. The 
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^2 

corresponding deformation parameter is h = j^. Denoting by S the screening operators 
corresponding to «+, one may consider the general vertex operators U^e given by 

uj^P ■= vyjJS'^S^ (78) 

with n, n integer and = n+n^ — J"^. One may then follow exactly the same reasoning 

as in ref. to obtain the braiding matrix for f/^"* from that of the single screening 
vertex operators; the essential observation here is that screening operators of opposite 
types commute, [S{a), S{a')] = 0.| One thus obtains, exactly as in the positive screening 
case. 

The conventions here are the following: n = {n, n) represents the two screening numbers 
corresponding to a_ and a;+, = J^^ = J"^^, ^ = cc^ and q = e*'*. Finally, R is the 
same function of its arguments as R, except that «_ is replaced by a+ everywhere (or 
equivalently h hj h). 



8 Conclusions and Outlook 

What have we learnt from the present analysis? First of all, we believe to have pre- 
sented convincing evidence that there is a closed exchange algebra for a set of generalized 
Coulomb gas vertex operators involving positive and negative powers of screenings alike, 
and we have obtained the explicit form of the braiding matrix in this general context, 
through natural analytic continuations of the braiding matrix for positive screenings. 
The basic lesson is that the additional structure generated by the inclusion of negative 
screenings is essentially determined by the algebra for vertex operators with positive 
screenings alone, through fundamental consistency conditions of conformal field theory. 
This is because negative screening operators are, in a rather precise sense, inverses of 
positive screening operators. Our results can be expressed, as in the positive screening 
case, in terms of 4F3 g-hypergeometric functions which truncate. 

As pointed out in Appendix B, the question of uniqueness of our solution is more 
delicate than might have been naively expected. Whether there is a deeper meaning to 
the formal possibility of introducing, in our analysis, i?-matrix elements for non-integer 
outgoing screenings merits further investigation. Likewise, the origin of the selection rule 
of Section 4.1 should be elucidated. The technique employed in ref. [0 (cf. footnote 
in Section 7), which uses detailed input from the operatorial construction of the vertex 
operators, may allow to shed some light on both of these questions. 

To complete the description of the conformal algebra, we also need the fusion matrix. 
While it should be given in general in terms of the braiding matrix through one of the 

■^It is quite remarkable that the technique used in refs. ^ to derive the braiding matrix continues to 
work in the presence of negative screenings. We have been able to show that the fundamental equations 
(2.17) of ref. ||^ and (5.7) of ref. ^ continue to hold, when using the standard continuation ( |63| ) to 
products with negative upper limits. These equations could in fact have been used as an alternative 
starting point for our analysis. 
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Figure 1: "Shell model" of cliiral vertex operator algebra 



Moore-Seiberg relations, one could also think of an independent derivation along similar 
lines as for the braiding matrix. It appears that this is in fact possible, and one obtains 
recursion relations from the associativity [TTT = J-'J-') relation. We hope to come back 
to this question in a future publication. 

The growing body of results thus indicates strongly that on the level of the chiral 
operator algebra, there exists a sequence of inclusions^, each representing a consistent 
solution of the Moore-Seiberg equations; see Fig. |l]. The situation will, however, be 
much more complicated on the non-chiral level, as will be discussed below. 

Another interesting direction for future investigations would be an analysis of the 
quantum group aspect of the generalized Coulomb gas picture advocated here. It is 
well known 



T6| , that there exists another basis of chiral vertex operators ^ 



(J) 

M 

which renders the underlying Uq{sl{2)) symmetry of the algebra manifest; braiding and 
fusion symbols for these vertex operators are given by universal i?-matrix and 3j-symbols 
for Uq{sl{2)), respectively. The "covariant" vertex operators are related to those of the 



we were able to carry out formally an analysis similar 



Coulomb gas picture by a basis transformation with cu-dependent coefficients 
In succession of our work ref. [l^ 



to the one above within the quantum group covariant basis, with the role of the screening 
number n played by = J + M. It is not hard to obtain the braiding matrix for the 
case where one or both of N,N' are negative (integer). The analysis is in fact much 
simpler than in the Coulomb gas basis as the algebraic expression for the i?-matrix in the 



^See ref. for a discussion on how the Kac table is embedded into the larger shells from the point 
of view of the polynomial equations. 
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covariant basis is essentially just a ratio of g-factorials, and the generalized i?- matrix can 
essentially be obtained by naive analytic continuation. Similar selection rules as for the 
Coulomb gas basis hold. However, the covariant vertex operators for generic 2 J are given 
by infinite sums over Coulomb gas vertex operators, the precise meaning of which is not 
a priori clear. In particular, by replacing one free field by the other, one would seem to 
obtain two different copies of the same quantum group representation. It is interesting 



to speculate whether non-perturbative mechanisms along the lines of ref. ||T0[ will render 
these two copies equivalent. We hope to return to the study of these questions in the 
future. 



8.1 Non-chiral Case and Liouville Theory 

Our analysis so far has addressed the chiral operator algebra only; let us now make 
some more speculative remarks on the conformal field theories that could be obtained by 
combining the two chiralities, and in particular about the relevance of our analysis for 
Liouville theory. The general rule for constructing the non-chiral theory is that operators 
of the latter should have crossing-symmetric correlators, and obey a consistent closed 
fusion and braiding algebra. To find the general answer to this question is, obviously, a 
formidable task. However, within the operator approach to Liouville theory, two mech- 
anisms for producing local fields have been identified. In the standard "weak coupling" 
(c > 25) regime, locality arises from the orthogonality relations for the g-deformed 6j- 
symbols. In fact, one writes the local fields - the Liouville exponentials - as diagonal 
combinations of left and right moving vertex operators, both in the sense of conformal 
weight and U{1) quantum number m: 

e-^"-* = a^^\w)U^^\u)U^^\v) (80) 

n>0 

with u := T + a, v := r — a. The coefficients a^"^''(G7) can actually be absorbed in the nor- 
malization of the vertex operators, upon which the braiding of the latter will be given in 
terms of g-deformed 6j-symbols alone . Mutual locality of two Liouville exponentials 
then becomes the statement that the contraction of left and right moving /^-matrices 
over the m-indices yields the unit matrix. When written in terms of the quantum group 



covariant basis, Eq. (pOD simply becomes the singlet formed from left and right moving 
spin J representations of highest and lowest weight, respectively. Remarkably, this mech- 
anism reproduces in particular the minimal models when one continues to central charges 
c < 1; that is, there is a description in terms of Liouville exponentials of the observables 
of these models |2y]. For c > 1 (in fact, c > 25), the closest analog of the minimal models 



is Liouville theory restricted to the Kac table. The diagonal sums are finite (the n -sum 



in Eq. (80) truncates at n = 2 J), and closure of the chiral and non-chiral algebra become 
essentially equivalent. 

When we leave the Kac table, the situation changes rather drastically: it is no longer 
possible to give a unique representation of the Liouville exponentials in terms of a sum 



over chiral vertex operators. As pointed out in ref. |]T0[, this is due to two reasons: First, 
the formal expansion Eq. (^OD cannot be evaluated term by term, using naive charge 
conservation rules, when the sum is infinite (see also ref. PB| for a recent discussion on 
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this fact from another point of view). Second, when 2 J is not an integer, the expansion Eq. 
(pop suffers from a multi-valuedness problem as regards its zero mode dependence, and 
therefore does not represent accurately the "true" Liouville exponentials even classically. 
According to the ideas of ref. [Q, adapted to the Liouville context in |T^, this does 



not mean that such expansions cannot be used; rather, one needs to introduce a new 
(continuous) parameter f3 which controls the monodromy properties of the expansion 
with respect to the zero mode. One arrives then at generalized expansions of the form 

E«a(^)^-^'.^^->'^"^'^'^- (81) 

n 

For the three point function, with operators situated at 0, 1, oo, all f3 parameters are 
fully determined, up to integers. For the operator at 2 = 1, not replaced by a highest 
weight state, one has to choose (3 such that the total monodromy becomes trivial, i.e. 
the multi-valuedness disappears. One can in particular consider the set of three point 
functions where (3 is of the form n + {n,n integer), so that the exponential can 
be described by Eq. ( ]80| ) or its generalization to both screenings This was 

done in ref. |T^. In this context, one already needs the negative screening operators 



discussed in the present paper, because they are generated non-perturbatively by a careful 
evaluation of the expansion Eq. (^Of). The non-perturbative contributions can be rendered 
perturbative in terms of an "effective" representation of the Liouville exponentials that 
can be evaluated using naive charge conservation rules: 



err 



E <^L'\^)U^\^Wl^\v) (82) 



It is an interesting question whether Eq. ( p2D is more than just a recipe for the com- 
putation of a class of three point functions. In ref. it was shown that Eq. ( ^0|) is 
compatible with locality in the sense that any two Liouville exponentials of the form 
(^) will commute at equal times, order by order in powers of screening operators (i.e. 
perturbatively). It was also observed that in the same sense, the Liouville equation is 
fulfilled by the exponential with J = — 1 (see also [^ ). 

It is natural to ask whether the same properties will obtain non-perturbatively, i.e. 
when taking into account the additional negative screening contributions of Eq. (|8^). 
While this is essentially trivial for the equations of motion, non-perturbative locality 
requires that 

[e--^"-*(r, a), e-^-* (r, a')] = (83) 

Here, both exponentials are given by Eq. (1^) and understood to be treated perturba- 
tively, but the second one is constructed in terms of the free field X. The results of 
the present paper provide all the necessary tools in order to answer this question. One 
has to show that there is a new orthogonality relation between g-deformed 6j-symbols 
corresponding to positive and negative screenings, respectively; work on this problem is 
in progress. If locality holds both in the perturbative and the non-perturbative sense, at 
least for integer (positive or negative) 2J, this would be a hint that there exist consis- 
tent conformal field theories described by positive integer, and arbitrary integer screening 
powers, respectively. 
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Some counter-evidence, however, seems to be provided by the analysis of the "per- 
turbative" operator product of two Liouville exponentials. While it formally closes on 
the set of Liouville exponentials with integer positive screenings, there appear arbitrarily 
strong short-distance singularities 00 that render the result dubious: 



J1+J2 

Ji2=-oo {u},{D} 



where zuj := zuq + 2J = 1 + + 2 J, and z/ denotes descendant contributions. The matrix 
element on the right hand side represents the operator product coefficient as well as the 
descendant contributions to the conformal block given by J12; see ref. for details. 
The contributions from very large negative J12 are non-vanishing in general and so there 
appear unwanted short-distance singularities of arbitrarily high order as Aj^j ^ —00. 

Even if there is a fully consistent non-chiral algebra involving only integer screenings, 
we should be very careful as to its interpretation as a restriction of Liouville theory. In 
fact, the operator product of Liouville exponentials is expected to depend on all 



operators entering in the correlator, and to involve "hyperbolic" states corresponding 
to purely imaginary tu. Crossing symmetry, or locality, should then involve the same 
intermediate channels, and the interpretation within Liouville theory of locality properties 
based on integer screenings only is a priori not very clear. On the other hand, general 



/5-dependent expansions of type Eq. (^) would actually allow for the introduction of 
hyperbolic intermediate states. Consider a four point function with operators situated 
at 0, 1, 00 and z, represented as 

(cc74|e--^^"-*(2, z)e--^^"-*(l)|cui) (85) 

The parameters /?3,/?2 appearing in the representation of the exponentials in the middle 
are coupled by the monodromy condition. For a given conformal block, they have a 
unique value. The question of what range to choose for the one free (3 parameter is thus 
tantamount to the factorization problem, and imaginary (3 will in fact produce hyperbolic 
intermediate states. While in Liouville theory restricted to the Kac table, locality and 
conformal invariance are sufficient to fully determine the operator construction of the 
theory, we see that in the present, much larger context this may well be an illusion. 
The simple correspondence between chiral and non-chiral algebras seems to be lost, and 
additional information is needed for the construction of non-chiral correlation functions. 
A careful analysis of the zero mode dependence of the exponentials, combined with group- 



theoretical arguments as in refs. [28, seems to be a step in the right direction. The 
presence of a context-dependent, floating (3 parameter as we advocate it here, means 
that general Liouville exponentials will invoke arbitrary quantum group representations, 
and not just highest or lowest weight ones as one could have naively expected from the 
classical picture. This would resemble the situation in affine SL{2) current algebra where 
continuous representations of intertwining operators appear for non-integrable weights 



^The formula (^) corrects a misprint in ref. Note also that we are working here in Euclidean 
coordinates on the sphere where z :— e'^+"^. 
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1^. In any case, it seems clear that a deeper understanding of the full Liouville dynamics 
will have to pass through a study of the algebra of the chiral vertex operators, and it seems 
desirable to continue the program towards the analysis of arbitrary non-integer screenings. 
The study of correlation functions of the chiral vertex operators may be interesting in its 
own right, and is expected to lead to new mathematical functions already on the integer 
(including negative ones) screening level. 



8.2 Application to Strong Coupling Liouville Theory 



In a series of works ^ y], Gervais and collaborators have proposed a conformal 
field theory with 1 < c < 25 which they interpret as a candidate for Liouville theory 
in the forbidden, "strong coupling" region 1 < c < 25. This theory exists for certain 
discrete values of the central charge (c = 7, 13, 19), and on a spectrum of highest weight 



states specified by the unitary truncation theorems of ref. |3T[. Locality arises in a rather 
different way; local observables become products of sums of chiral vertex operators rather 
than sums of products, and each chiral factor is local up to a phase factor. The local 
operators can be divided into two sets, one with negative and one with positive conformal 
weights. The latter operators involve negative screenings; they can be written in the form 
(we write the left-moving factor only) 



X+'(«)=L(-1) ^ " J^j,x-j-i+p(f-i) (86) 

pgINo 

Here, x := \{w — wq) with ciJo := 1 + \, and s = 0, ±1 determines the central charge 
(c = 1 + 6(s -|- 2)). The operators V!^^ are nothing but normalized [/^^ fields, V!^^ = 
-jjj—Uj^\ Finally, the couphng constants gjlj^ appear as prefactors of the 6j-symbols 

in the fusion and braiding relations of the Vj^^ operators and were determined in [pl|] . 
The values that zu is allowed to take are not arbitrary continuous, but discrete: 

^ = (^-l)(/ + l + -^) (87) 
h 2 — s 

with I G Z , r = 0, 1 — s. Similarly, J is restricted to be 

with /' G r' = 0, 2 — s. The screening number with respect to «_ is —p — 1, while 
for it is p. Thus indeed, negative screenings are involved, and one can obtain a second 
analogous set with the roles of a+ and a_ interchanged. 

In the absence of an algebraic control over vertex operators with negative screenings, 
the properties of the x fields were described using the formal symmetry J —J — 1 
of the g-deformed 6j-symbols already mentioned above. The present analysis not only 
allows to further corroborate this discussion (at least as far as the braiding is concerned) 
by establishing a direct derivation from the operator construction, but also opens the 
road towards an investigation of new local operators with negative screenings which are 
not accessible by the J —>■ — J — 1 analytic continuation technique. 
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The results of the present analysis and its possible future extensions should also 
find direct applications in theories closely related to Liouville, such as 5'L(2,IR) or 
SL(2,C)/SU{2) WZNW theory ||28|. From a larger perspective, this program can be 
viewed as a kind of bootstrap approach to irrational conformal field theory in the simplest 
context where the chiral symmetry algebra is just Virasoro. It is an interesting question 
whether all solutions can be identified either with (subsectors of) weak or strong coupling 
Liouville theory. 
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A Concatenation of Standard Transformations 

Here we shall present some techniques involving ST (|16D relevant for the many manipu- 
lations of g-deformed Saalschutzian 4F3 hypergeometric functions employed in the main 
body of the paper. 

We are interested in the case where two of the four upper entries are integers and 
one of the three lower entries is an integer. Since our main focus shall be on the integer 
entries, let 

( ) 



(89) 



represent such a situation. The remaining 4 entries are generic only subject to the 
requirement of the g-hypergeometric function being balanced. In order to keep the 3 
integer entry structure, there are three classes of ST applicable to (^9]). The first class 
does not affect the three integers. In the language of (|T^) and (W), it amounts to 



c = A, d= B, e = C (90) 

By construction, either A or B must be non-positive and here we have assumed B < 0. 
The second class leaves only A and B unchanged. Again we may assume that i? < in 
which case the second class of transformations is characterized by 

c = A, d = B, f = C (91) 

The third class only affects one of the two upper entries, and assuming i? < we have 

a = A, d = B, e = C (92) 

A simple inspection reveals that 48 different configurations may be obtained by naive 
(and repeated) applications of ST. The lower entry may take on the 6 different values C, 
1 + A + B — C , 1 — A + B and 2 minus either of these. However, a priori not all of the 
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configurations thus obtained are well defined since we must have d < 0. Nevertheless, a 
further inspection shows that all well defined configurations, the number of which depends 
on the relations between A, B and C, may be obtained from one another by well defined 
concatenations only. 

Let us illustrate the above by considering the well defined concatenation of STs trans- 
forming (|1D (subject to (0)) into (|l|). We have 




-ni. 


-n 


—n 


— n' 


-n, 


-n2 


—n 


— n' 



-n2, -n' 
—n — n' 



-n, -n2 
1 + n' — n2 



(93) 



Finally, a ST of the first kind may be needed in order to match all the entries of the 
g-hypergeometric function. It is then straightforward to verify that multiplying all pref- 
actors encountered in this repeated use of (^) with the original ones in (0), produces 
the ones in (|l^). 

An interesting property of ST is that (modulo extra ST) it commutes with all well 
defined substitutions of the parameters 

a,...,^ ^ a\...,g' = a' + h' + d + d' -e' - f + 1 (94) 



keeping the integer structure as in (|89|). That is. A' , B' and C are integers and at least 
A' or B' is non-positive. Based on our classification above, the proof is almost immediate. 
Case 1 may be characterized by (pO|). For B' < the statement is trivial whereas for 
A' < it becomes equivalent to 

[f - d\-c[e + f - a-b\^c ^ [/ - cj_rf[e + / - a - b\_d 

[f\-c[e + f-a-b-d\^, [f\_,[e + f-a-b-c\_, ^ ' 

which is readily verified. Case 2 may be characterized by (^) and again the statement is 
trivial for B' < 0. For A' < it becomes equivalent to (|95D . Case 3 may be characterized 
by ( |92D and the statement is trivial for 5' < 0. For A' < we need an additional ST in 
order to prove our assertion. Namely, employing ST twice results in 




[f - c\-d[e + f - a - b\^d 
[f \-d[e + f - a - b - c\-d 
[b + c + d-e- f + l\-d[a + d- f + l\^d 
\c + d- f + l\.d[a + b + d-e- f + l\_d 
f a, e — b, e — c, d 

^^\e, e + f-b-c, a + d-f + l ' 

and the statement becomes equivalent to 

[f-d\.a[e + f-b-c\_a ^ lf-c\.d[e + f-a-b\_d 
[f\-a[e + f-b-c-d\^a [f\-d[e + f-a-b-c\_d 

[b + c + d-e-f + l\_d[a + d-f + l\_d 

[c + d- f + l\^d[a + b + d-e- f + l\^d 

which is readily verified. 



(96) 



(97) 
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B Remarks on Uniqueness 



We start from the following simple recursion relation 

+ R{-l/2,J';nj-l)%7'^-'R{l/2,J'-,uj)[% (98) 

where e*"° and e*"^ are phase factors that will be specified below. The /^-matrices with 
spins —1/2 and J' are considered as unknowns, while the ones with spins 1/2 and J' 
are known since the braiding of a degenerate field with any other primary is determined 



by null vector decoupling equations ||2^. Eq. (pSf), as a two-term recursion relation, 
has an infinity of solutions that can be labelled for instance by an initial condition 
R{—l/2, J';'uay^\~^,'"' . Note that while we assume that n' is a positive integer, we 
admit values of the form I2 = I20 + P, with Z20 a fixed real number and p an arbitrary 
integer. We can trivially rewrite Eq. (|98D as 

Kn' = E e^"^-*'^i+"2-'2i?(-l/2, /; w - l)X'~'"""^(l/2, J'; ^ttT"''" (99) 

since 1 + 722-/2 can take the values and 1 only (degenerate fields braid into degenerate 
fields). Now we multiply both sides by V^ij,''S''^(cr')S'"'~'^(cr) from the right and sum over 
^2 = ^20) /20 =t 1; ^20 i 2, or equivalcutly over Ix = W — l2- When /20 is integer, we 
get 

\/ii?5"'(a') = E e'"^-'"'ii?(-l/2, J'; w - l)^'"'""' 

1 

• E i?(l/2, J^U7)}+!;^-'^''^ \/i'p5^+"^-'i(a')S"'-i-"^+'Ha), (100) 

ii=0 

otherwise the left hand side vanishes. For definiteness of notation, we will write down 
the equations for Z20 integer in the following. Let us now rewrite (somewhat artificially) 

5"'-i-"2+'i((t) as 

= y-lfls'\a) Fi7^'/')5"'-^-"^((T)e'"'i (101) 

Here, the renormalized product of Eq. (^ reappears, and the phase factor is given by 
Eq. (§), i.e. e*"'i = g'^ Thus, Eq. QTUDI ) becomes 

V^jj}S^\G') = E e'"^i?(-l/2, J'; zu - 1)X''~'""^ E ^(V2, J'] 

"2 li=0 

■ V^^j)S^+'''-''{a')V^\f^S''{a)QVy^^^^^S'''-^~^'''{a) (102) 

Here we recognize that the sum over li in front of the renormalized product is nothing 

(1/2) (J') 

but the result of the braiding of V_y2S{cr) with V_j, S^^{a'). Pulling out the first of 
these two operators to the left, we have using the second line of Eq. (|]), 



Vy;)S-'{a') = Jim E SV^'^ia,) i?(-l/2, J'; - 1)X'~'""^ 



v[';)S-\a')Vij^''^S-'---^{a) _ (103) 
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Note that the remaining phase factor e*"^ has been removed by reordering 5 (a) and 
V-\^/2i'^)- Now we can remove the factor SV}^/^^2i'^) right hand side by multiplying 

both sides by Vy2^'^^S^^{o'), and we arrive finally at 

= ^ i?(-l/2, J'; ro)-i,n"'""' V:^j?^"^(a')l^//"2'/'^^"'-'-"Ha) (104) 



when I20 is integer. This is the defining relation for the i?-matrix R{—l/2, J'; w 
and thus appears to be a triviality. However, in our derivation, _R(— 1/2, J' ; zu)"^{^j^, 



,n2,n' — 1—712 



a priori, not an i?- matrix but a solution to Eq. (|98D. In particular, it is not unique, as 
long as we do not impose our selection rule. So the surprising conclusion is that there is 



an infinity of equivalent i?- matrices for the braiding problem Eq. (|104|) . This conclusion 
is not specific to the spin J = —1/2 and n = —1 but applies to type II (and III, IV) 
in general, as can be seen immediately by concatenation type arguments. When the 



starting value /20 is not integer, the left hand side of Eq. (|104|) vanishes. This means 



that to any i?-matrix with integer outgoing screening numbers, we can add contributions 
with non- integer outgoing screenings, if the latter are solutions to Eq. (^). 

Of course, due to the presence of infinite sums one may question the rigorousness of 
various steps in the above argument, but it certainly poses an interesting problem, which 
merits further investigation. Note that except possibly for the step from Eq. (|99|) to Eq. 
( |100| ), the argument can also be read backwards. 

An interesting special case arises when V_j, S"^ {a') is degenerate (2 J' positive integer, 
< n' < 2J') so that the null vector decoupling equations control the braiding problem 
Eq. ( |1U4| ). The resulting braiding matrix has integer outgoing screenings and is non- 



vanishing only for a finite number of n2- values. This braiding matrix is the only solution 
to Eq. (^) with this property, and it is also the one that is produced by imposing 
our selection rule - a welcome verification of the latter. However, Eq. (pH]), even when 
restricted to integer 12-, also allows for solutions corresponding to infinite braiding sums 
in Eq. ( [104] ), with n2 bounded from above but not from below. Indeed, the vanishing 
of R{l/2,J'-w)^lf^_^ for I2 = 2J' + 1 implies that i?(-l/2, J'; ti7)^{'+^+*'"'-2^'~2-^ = 
for i = 0,1,2,... and 2J' positive integer, < n' < 2J'. However, Eq. ( p^ ) does not 
enforce any truncation of these matrix elements at large negative i, though the equation 
at I2 = n' allows for such a truncation to occur through the vanishing of the i?-matrix 
element i?(— 1/2, J'; w)^'^'^]^^ on the right hand side. 

From the point of view of the monodromy analysis for solutions of the null vector 
decoupling equations, the appearance of additional solutions seems to be consistent only 
if there exist formal infinite linear combinations of g-hypergeometric functions (for J' = 
1/2) and their generalizations, with parameters varying as a function of n2, that vanish. 
The study of these questions is left for further analysis. 
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